INTRODUCTION
Immune checkpoint inhibitors (ICIs) represent an exciting class of drugs that trigger the patient's immune system to recognize and combat cancer cells [1, 2] . Numerous ICIs, most commonly targeting programmed death-1 (PD-1), its ligand (PD-L1), and cytotoxic T-lymphocyte-associated antigen 4, are approved or in development for various tumor types. Encouraging efficacy outcomes have been observed in a substantial proportion of patients treated with ICIs; however, suppression of important regulators of the immune system can lead to inflammatory reactions, referred to as immune-related adverse events (irAEs), against normal tissue in multiple organs [1] . Immunerelated AEs are generally low grade and manageable, especially if recognized early, although severe and sometimes fatal complications with ICIs have been reported [3] [4] [5] . Cardiac irAEs appear to occur less frequently than irAEs in other organ systems but can be particularly complex to diagnose and treat [3] [4] [5] .
Myocarditis has recently emerged as an uncommon adverse reaction in patients administered ICIs, as noted in case reports , clinical trials [27] [28] [29] [30] , safety databases [14, 31, 32] , and registries [33] . Due to the low incidence of ICIassociated myocarditis, data on presentation, diagnosis, treatment, and outcomes are limited [33, 34] . Nevertheless, preliminary clinical experience indicates ICI-associated myocarditis can be life threatening and therefore warrants efforts to increase awareness, identify patients who may be at risk, facilitate early diagnosis, and develop effective treatments.
The impact of ICI-associated myocarditis is expected to grow as ICIs are evaluated in patients with earlier-stage cancer with a higher likelihood of long-term survival, as well as in combination regimens, which appear to carry an increased risk of myocarditis [14, 33] . In 2015, an estimated 600,000 patients with metastatic cancer in the U.S. were eligible for ICI treatment [35] . This number is anticipated to increase across all www.TheOncologist.com ©AlphaMed Press 2018 cancer stages; in 2017, there were 940 immuno-oncology agents being tested in 3,042 clinical trials with a target enrollment of 577,076 patients [36] . Evaluation of ICI-associated myocarditis in clinical trials is challenging because the number of patients who develop myocarditis in any single study or group of studies is likely too small to establish risk factors, screening guidelines, diagnostic criteria, or optimal management. Thus, coordinated efforts are urgently needed to better characterize ICI-associated myocarditis. Accordingly, the U.S. Food and Drug Administration (FDA) hosted a public workshop on December 1, 2017, to discuss cardiovascular toxicities in immuno-oncology clinical trials [37] .
A multidisciplinary committee assembled on December 15, 2017, for an ICI-associated myocarditis workshop hosted by Project Data Sphere, LLC, an independent, nonprofit initiative of the CEO Roundtable on Cancer's Life Sciences Consortium [38, 39] . Representatives of key stakeholders from academia, industry, and regulatory agencies, including the U.S. and China FDAs and the European Medicines Agency (collectively, the "Checkpoint Inhibitor Safety Working Group"), convened to review the existing, albeit limited, information on ICI-associated myocarditis; identify optimal ways to collect and share data; establish cross-functional teams to develop a case definition, diagnostic work-up, and treatment algorithms; and delineate research priorities (Fig. 1) . We report the workshop findings below.
CURRENT KNOWLEDGE
The first specific report of myocarditis during treatment with a PD-1/PD-L1 inhibitor was published in 2014 [27] , and a number of cases of ICI-associated myocarditis have been described since . In an early analysis of more than 20,000 patients treated with ICIs, either alone or in combination, the incidence of myocarditis was 0.09%; the incidence of fatal myocarditis in this sample was 0.03% [14] . A recent study identified 101 cases of severe ICI-associated myocarditis in the World Health Organization global database of more than 16 million individual case safety reports (VigiBase) [40] and found reporting of cases increased substantially over time (3 in 2010-2014, 6 in 2015, 15 in 2016, and 76 in 2017) [32] . The true incidence of ICIassociated myocarditis may be underestimated due to the wide range of clinical presentations, challenges in diagnosis, and a general lack of awareness of this condition.
ICI-associated myocarditis appears to be a class effect, and the risk of myocarditis seems to be higher when these drugs are administered in combination regimens [14, 33] . An analysis of a multicenter registry found that combination ICI treatment was more common in patients with ICI-associated myocarditis compared with a random sample of ICI-treated patients without myocarditis (34% vs. 2%; p < .001) [33] . This is an important consideration as ICI combinations become a focus of immunotherapy development [36] . To date, most reported cases of myocarditis have occurred in patients receiving single-agent ICI therapy, possibly reflecting the preponderance of clinical trial data and clinical experience with ICIs administered in this manner.
Based on published accounts [6-26, 32, 33] and 150 cases reviewed at the workshop, the clinical presentation of ICIassociated myocarditis may be quite variable. Manifestations range from nonspecific symptoms that may be erroneously attributed to underlying disease (e.g., fatigue, chest pain, dyspnea) to acute arrhythmias, conduction disorders, clinical heart failure, and sudden death. ICI-associated myocarditis may occur alone or in the setting of irAEs involving other organs [11] , especially muscles (myositis) [14, 15, 27, 29, 31, 32] .
There are no universally accepted criteria for a diagnosis of ICI-associated myocarditis, but position statements [41] and clinical practice guidelines [42] for myocarditis due to other causes provide benchmarks. Inexpensive and widely available tests used for diagnosing ICI-associated myocarditis include troponin measurements and electrocardiograms [7, 10, 12-15, 19, 20, 22] . However, these tests lack the sensitivity and specificity for a definitive myocarditis diagnosis. Additional standard imaging methods that have been used for the assessment and diagnosis of ICI-associated myocarditis include echocardiography and cardiac magnetic resonance imaging, which may reveal ©AlphaMed Press 2018 left-ventricular ejection fraction abnormalities, wall motion abnormalities, myocardial edema, and fibrosis. Even endomyocardial biopsy, currently considered the gold-standard method for diagnosis, has its limitations, as ICI-associated myocarditis may occur as a patchy distribution of T-cell-predominant lymphocytic infiltrate within or adjacent to regions of myocardial necrosis [7, 11, 13, 19, 20, 23] , similar to histologic findings in patients with cardiac transplant rejection [14] . Therefore, proper diagnosis of ICI-associated myocarditis may involve a combination of high clinical acumen, biomarkers, cardiac imaging, and endomyocardial biopsy.
Like most irAEs, which typically emerge early in the course of treatment [1], preliminary observations suggest ICI-associated myocarditis generally occurs within 3 months of treatment initiation [7, 9-11, 13-15, 18-20, 22-24] . Management of ICIassociated myocarditis varies in published reports but frequently includes administration of corticosteroids [7, 9-15, 19, 20, 22-26] , with outcomes ranging from complete resolution to the occurrence of major adverse cardiac events and/or death.
KEY INFORMATION GAPS

Case Definition
There is currently no standardized definition for ICI-associated myocarditis to enable consistent and reliable diagnosis by clinicians in different settings or in patient populations with diverse cancers and varied disease stages. A case definition is needed to capture these events in a harmonized manner so that data may be pooled and available for more thorough analyses. These would enable a more consistent approach to the detection and treatment of ICI-associated myocarditis that could be built into protocols for prospective evaluation in future clinical trials.
Given the limited available data, a robust case definition of ICI-associated myocarditis cannot be generated at this time. However, as case reports are continually published, this information will be compiled through a collaborative process similar to this workshop with a preliminary case definition shared in 2018 and form the basis for a case definition. Development of a case definition will be an iterative process, with broader definitions applied to initial retrospective analyses, an approach with high sensitivity but low specificity. Subsequent refinement of criteria would occur as more cases are added to increase the specificity to acceptable levels. Due to the high cost and limited availability of some diagnostic tests and/or expertise, it may be necessary to establish one set of criteria with sufficient sensitivity for identifying potential cases of ICI-associated myocarditis and a more extensive set of criteria, with improved specificity, for confirming the diagnosis.
Patients with ICI-associated myocarditis symptoms may first seek care from health care workers unfamiliar with this syndrome (e.g., family or emergency room physicians, internists, or cardiologists whose practices often include a limited number of patients with cancer). Thus, it is important to disseminate a case definition to the broader medical community, in addition to oncologists, and increase patient awareness about specific symptoms that should be reported to their physicians to enable more rapid diagnosis and initiation of treatment.
Monitoring Guidelines
Consensus guidelines for monitoring myocarditis in clinical studies of ICIs are needed. Closer monitoring may be appropriate for trials in the adjuvant or neoadjuvant setting, combination ICI regimens, and coadministration of ICIs with other agents with known cardiovascular toxicities. In large phase III trials, it may be valuable to screen patients for potential risk factors for ICI-associated myocarditis, for example, pre-existing cardiac dysfunction or autoimmune disease, and monitor patients with and without these characteristics for prospective efficacy and safety comparisons.
Risk Factors and Pathogenesis
Although unknown at present, risk factors for ICI-associated myocarditis may include genetic variants associated with innate or adaptive immunity. It may be possible to analyze existing biospecimens from clinical trials to identify potential germline genetic factors and/or circulating biomarkers for the diagnosis and prognosis of ICI-associated myocarditis. Consideration should be given to collection of specific biospecimens in clinical trials for subsequent large-scale genomic and proteomic analyses.
The basic pathophysiology of ICI-associated myocarditis requires further elucidation. Existing data indicate myocarditis is characterized by intense infiltration of T lymphocytes and macrophages [7, 11, 13, 14, 19, 20, 23] . Preliminary evidence suggests common high-frequency T-cell receptor sequences in infiltrates from the cardiac muscle and tumor, raising the possibility of a common (shared) epitope between the tumor and the heart [14] . The rapid onset of myocarditis following ICI treatment suggests the presence of a pre-existing factor and pathway (or preautoimmune disease) that is held in check by the targeted pathway. Preclinical models have implicated the PD-1/PD-L1 pathway in the development of myocarditis [43] [44] [45] [46] , but models for ICIinduced myocarditis specifically are needed to understand the pathogenesis and test potential treatments.
Treatment Algorithms
There is a clear need for a multidisciplinary team of oncologists, cardiologists, and other specialists to develop a standardized approach to the management of ICI-associated myocarditis. Initial recommendations have included consensus guidelines from the Society for Immunotherapy of Cancer Toxicity Management Working Group [4] and the American Society of Clinical Oncology (ASCO) in collaboration with the National Comprehensive Cancer Network (NCCN) [5] . These guidelines recommend consultation with a cardiologist, discontinuation of ICI therapy, and administration of high-dose corticosteroids (e.g., 1 mg/kg methylprednisolone) in cases of confirmed or suspected myocarditis [4, 5] , in line with published findings [33] . The ASCO/NCCN panel also suggests that cardiac symptoms be managed per guidelines from the American College of Cardiology and American Heart Association in collaboration with a cardiologist [5] . Both groups acknowledge that due to limited data on ICI-associated myocarditis, their recommendations for management of this adverse reaction are based on anecdotal evidence [4, 5] , and treatment guidelines are expected to evolve as more data on ICI-associated myocarditis are reported and assembled. Similar to the approach being used to generate a case definition, efforts are underway by workshop participants to assess published cases of ICI-associated myocarditis and propose management strategies. 
Formation of Task Forces to Address Information Gaps
The workshop participants prioritized actions to close the information gaps for ICI-associated myocarditis and proposed three working groups to accomplish this: a Research Task Force to identify and prioritize research questions to guide analyses performed on data uploaded to Project Data Sphere; a Case Definition Task Force to establish diagnostic criteria and work-up algorithms; and an Education Task Force to develop treatment algorithms and instruct clinical trial investigators and treating physicians (Fig. 1) .
CONCLUSION
ICIs hold tremendous promise for extending the lives of patients with cancer. As ICI use increases rapidly in clinical trial and real-world settings, it is critical to undertake efforts to mitigate the risk of uncommon but life-threatening adverse reactions, including myocarditis. The workshop convened by Project Data Sphere brought together academic, industry, and regulatory partners on short notice to share information, identify knowledge gaps, pose research questions, and initiate development of a case definition and approach to treatment for ICIassociated myocarditis, with the ultimate goal of minimizing the risk of this adverse reaction in patients with cancer who are treated with ICIs.
